Interleukin 1 receptor antagonist (IL-1Ra) levels are elevated in the blood of patients with a variety of infectious, immune, or traumatic conditions. To examine whether IL1Ra is produced by liver cells with characteristics resembling an acute-phase protein, human primary hepatocytes isolated from liver biopsies and HepG2 hepatoma cells were stimulated with IL-1 ␤ , IL-6, and TNF ␣ . IL-1Ra was present in the supernatants of both cells, with production significantly enhanced by IL-1 ␤ , and by the combination of IL-1 ␤ and IL-6. The term IL-1Ra refers to two different proteins encoded by the same gene, but generated by alternative splicing of two different first exons. One isoform is secreted (17-kD sIL-1Ra), and the other isoform remains in the cytoplasm (18-kD icIL-1Ra). By Western blot analysis, the supernatants of human hepatoma (HepG2) 
Introduction
The acute-phase response refers to a variety of metabolic and biochemical changes that accompany infection, trauma, or immunologically mediated inflammation. The acute-phase proteins (APP), 1 considered to be the hallmark of the acute-phase response, include a variety of secreted proteins the levels of which are modified during inflammatory conditions (1) . These proteins have different biologic functions in maintaining homeostasis. Complement components, many of which are APP, can induce leukocyte chemotaxis (2) . C-reactive protein, a major human APP, enhances the elimination of foreign pathogens (3) . Other APP, such as ␣ 1-antitrypsin and antichymotrypsin, modulate inflammatory events and protect against tissue damage (4, 5) , whereas fibrinogen plays an important role in tissue repair. APP are produced mainly by hepatocytes in response to several cytokines. Although IL-6 is considered to be the major inducer, other cytokines such IL-1 and tumor necrosis factor (TNF)-␣ can also stimulate the production of APP (6) .
IL-1 plays a key role in inflammation, exerting its effects on a wide variety of cells, and often leading to tissue destruction (7) . Interleukin 1 receptor antagonist (IL-1Ra), a naturally occurring antiinflammatory protein, competitively blocks the binding of IL-1 ␣ and IL-1 ␤ to type I and type II IL-1 receptors, but exerts no agonist activity, despite sharing 30% amino acid sequence homology with IL-1 ␤ , and 19% with IL-1 ␣ (8, 9). IL-1Ra has been shown to inhibit the effects of IL-1 both in vitro and in vivo, and to reduce the severity of several animal models of inflammatory disease (10, 11).
Similar to APP, serum levels of IL-1Ra can rise dramatically during different inflammatory and noninflammatory conditions such as sepsis (12) , chronic rheumatic diseases (13-15), and noninflammatory tissue injury (16) . Although a variety of cells have been shown to produce IL-1Ra, little is known about the contribution of hepatocytes to circulating IL-1Ra levels during the acute-phase response. Interestingly, serum levels of IL-1Ra were found to correlate with serum IL-6 concentrations in children with juvenile chronic arthritis (17) . In addition, administration of either IL-1 or IL-6 to patients increased the circulating levels of IL-1Ra, suggesting that the production of this cytokine might be regulated as an APP (18, 19) . The studies reported herein describe the production of IL-1Ra by human hepatocytes as well as some characteristics of its regulation.
Methods
Cytokines and lipopolysaccharide. IL-1 ␤ , IL-6, TNF ␣ , and IL-4 were purchased from R & D Systems, Inc. (Minneapolis, MN); the LPS contamination in each cytokine preparation was Ͻ 0.1 ng/ g protein according to the manufacturer. LPS ( Escherichia coli 055:B5) was obtained from Difco Laboratories Inc. (Detroit, MI), and dexamethasone (DXM) was purchased from Sigma Chemical Co. (St. Louis, MO).
Cell cultures. Human primary hepatocytes were isolated from surgical liver biopsies as previously described (20, 21) . In brief, liver explants were taken from three patients undergoing partial hepatectomy: two patients for benign tumor, and one patient for local metastasis of colon adenocarcinoma. Patients were not taking any antiinflammatory medications at the time of surgery. A wedge of macroscopically normal tissue (15-30 g ) was perfused in the operating room, using a technique as described for rat hepatocytes (22) . The liver biopsy was then incised, and hepatocytes were isolated in RPMI-1640 medium (GIBCO BRL, Gaithersburg, MD) supplemented with penicillin, streptomycin, and 10% FCS (GIBCO BRL). Viable hepatocytes (75 ϫ 10 3 cells/0.5 ml per well) were seeded on 48-well culture plates. After 48 h of culture, the cells were stimulated. Supernatants were collected at 24 h, aliquoted, and kept frozen at Ϫ 20 Њ C until assayed for IL-1Ra content.
HepG2 (human hepatoma) cells were kindly contributed by Dr. A. Siddiqui (Department of Microbiology, University of Colorado Health Sciences Center, Denver, CO) and cultivated in 24-well plates in DMEM from Mediatech, Inc. (Herndon, VA) supplemented with penicillin, streptomycin, and 10% FCS from Summit Biotechnology (Greeley, CO). After a 72-h culture, the cells reached confluence, the medium was renewed, and stimulants were added. The supernatants of the cells were collected at different times according to the experimental protocols.
IL-1Ra ELISA. IL-1Ra concentrations were measured in culture supernatants from human primary hepatocytes, and in both supernatants and cell lysates from HepG2 cells. For the quantification of intracellular IL-1Ra, the cells were washed twice with Hanks' balanced salt solution (Mediatech, Inc.), and lysates were generated by adding 1 ml fresh medium to the cells followed by three freeze-thaw cycles. A modification of a previously described sandwich ELISA was used to determine IL-1Ra concentrations (23) . The sensitivity of this assay was 78 pg/ml. ELISA was performed in triplicate for each sample of supernatant and lysate.
Western blot analysis. Western blot analyses were performed on cell lysates, and culture supernatants obtained from HepG2 cells cultivated in 60-mm plates. Cell lysates were generated using a lysis buffer containing 0.5% Nonidet P-40 in 20 mM Tris (pH 7.5) and the following proteinase inhibitors: 1 g/ml leupeptin, 1 g/ml pepstatin, 1 mM PMSF, and 1 mM EDTA. To eliminate the excess of high molecular weight serum proteins from culture supernatants, and to concentrate IL-1Ra, culture supernatants were first centrifuged (Centricon 50 column; Amicon, Inc., Beverly, MA) and then precipitated in 10% trichloroacetate (TCA) and 0.15 mg/ml deoxycholate overnight at 4 Њ C. Cell lysates (20 g total protein) and TCA-precipitated supernatant proteins were heated in reducing loading buffer, and were electrophoresed on 15% polyacrylamide gels followed by electrophoretic transfer to PVDF membrane (DuPont-NEN, Boston, MA). Blots were blocked with 10% nonfat milk in PBS/0.1% Tween overnight at 4 Њ C. Blots were then washed in PBS-Tween followed by the addition of anti-IL-1Ra mAb (24) diluted 1:1,000 in blocking buffer for 1 h at room temperature. The membrane was again washed in PBS/Tween followed by the addition of goat anti-murine IgG antibodies (Jackson ImmunoResearch Laboratories, Inc., West Grove, PA) diluted 1:2,000 in blocking buffer for 1 h at room temperature. Bound peroxidase-conjugated antibody was detected using a chemiluminescent method (ECL Western Blotting System; Amersham Corp., Arlington Heights, IL). Autoradiography was performed immediately.
RT-PCR of sIL-1Ra and icIL-1Ra mRNA. Total RNA was obtained from HepG2 cells cultivated in 100-mm plates. After 20 h of stimulation, the cells were lysed in 4 M guanidinium isothiocyanate, and RNA was extracted using cesium chloride gradient centrifugation (25) . RT-PCR of secreted interleukin 1 receptor antagonist (sIL1Ra), intracellular interleukin 1 receptor antagonist (icIL-1Ra), and glyceraldehyde phosphate dehydrogenase (GAPDH) mRNA was performed as previously described (26) . 30 cycles of PCR were performed using the following primers (5 Ј to 3 Ј ): 5 Ј sIL-1Ra: GGC CTC CGC AGT CAC CTA ATC ACT CT; 5 Ј icIL-1Ra: CAG GTA CTG CCC GGG TGC TAC TTT AT; 3 Ј common IL-1Ra: TAC TAC TCG TCC TCC TGG AAG TAG AA; 5 Ј GAPDH: AAG GTG AAG GTC AAC G; and 3 Ј GAPDH: CCT TCT CCA TGG TGG TGA AGA C. The amplified products were then electrophoresed within a 1% agarose gel. The amplified cDNA products of icIL-1Ra, sIL-1Ra, and GAPDH were 577, 521, and 316 bp in size, respectively. IL-1Ra mRNA quantification by ribonuclease protection assay. Cloning of the coding region of sIL-1Ra cDNA was described previously (24) . The sIL-1Ra cDNA was excised from the RSET5a expression plasmid as an Xbal and BamHI fragment, and was cloned in pGEM-7 (Promega Corp., Madison, WI) to generate pRAX/B.GEM. The generation of the GAPDH probe was described previously (21) . These plasmids were linearized and transcribed with T3 or SP6 RNA polymerase (Promega) to synthesize the 32 P-labeled riboprobes complementary to GAPDH and IL-1Ra mRNAs. Both 32 P-labeled riboprobes were gel-purified, and were resuspended in 5 ϫ hybridization buffer (200 mM Pipes, pH 6.4, 2 M NaCl, and 5 mM EDTA). GAPDH and IL-1Ra mRNAs were analyzed by hybridization of 2 ϫ 10 5 cpm of the corresponding riboprobe with 10 g of total RNA. The samples were then digested with 40 g RNase A (Boehringer Mannheim, Mannheim, Germany) and 2 g RNase T1 (Calbiochem Corp., San Diego, CA). After subsequent treatment with 100 g proteinase K (GIBCO BRL) in the presence of 0.5% SDS, the protected RNA fragments were extracted with phenol-chloroform, ethanol-precipitated, and resolved on denaturing 6% polyacrylamide-8 M urea gels. Autoradiography was then performed. Quantification of IL-1Ra and GAPDH mRNA fragments (191 and 470 bp, respectively) were performed by PhosphorImager (Imagequant; Molecular Dynamics Inc., Sunnyvale, CA).
Plasmid constructs. The psRA-1680Luc and picRA-4555Luc refer to the 1,680 bp of 5 Ј -flanking DNA with respect to the first exon of sIL-1Ra, and to the 4,555 bp of 5 Ј -flanking DNA with respect to the first exon of icIL-1Ra, respectively. Both DNA fragments were cloned in the unique HindIII site of pA3Luc, a promoterless luciferase (Luc) expression vector. The results of different in vitro experiments using psRA-1680Luc or picRA-4555Luc have shown that both DNA fragments contain cis -acting DNA elements responsible for cell type-specific expression of sIL-1Ra and icIL-1Ra promoters, respectively (27, 28) . The presence of one NF-B DNA-binding element located between Ϫ 93 and Ϫ 84 (GGGTATTTCC) within the sIL-1Ra promoter, and the generation of mutations on six nucleotides in this site (GctcgagTCC), was described previously (27) . By sequence homology, an incomplete C/EBP DNA-binding site (AT-TGCG) was located between Ϫ 158 and Ϫ 153 within the sIL-1Ra promoter. To generate mutations at this site, primers M155-146A (ACACTCCATTtactcgaggcGTGGGGTTGA) and M155-146B (the reverse complement to A) were used to mutate 10 bases within the sIL-1Ra promoter, creating a unique XhoI restriction site and disrupting the potential C/EBP binding site. Reaction 1 was conducted using primer M155-146B, and a primer specific for bases Ϫ 808 to Ϫ 792 (GTTCAAAAAAGGTCACACGG). Reaction 2 was conducted using primer M155-146A and a primer specific for the luciferase gene containing a HindIII restriction site. The two PCR products were purified by low melting point agarose electrophoresis, and then equal quantities were mixed and used in a third PCR reaction with the two outside primers. The final PCR product (containing an 808-bp promoter fragment) was digested by KpnI and HindIII, and was cloned in pA3Luc. A fragment of 1,386 bases from the distal end of the 1,680-bp promoter to the KpnI site was then cloned in the KpnI site to produce the full-length promoter. Mutations in both NF-B and C/EBP binding sites were also generated using the same approach. The two outside primers were the same as described above. Nucleotide sequences of all clones were confirmed by sequencing (dideoxynucleotide method Sequenase Kit; United States Biochemical Corp., Cleveland, OH).
HepG2 transfections. Transfections were performed using a modification of the calcium phosphate method. In brief, 0.5 ϫ 10 6 HepG2 cells were seeded in 60-mm dishes in complete medium. After 24 h of culture, 0.5 ml of calcium phosphate precipitate containing 10 g of plasmid DNA was added to each plate, and cells were incubated at 37 Њ C for 4 h. The cells were then subjected to a 15% glycerol shock for 2 min, and, after 24 h, cytokines were added. The cells were harvested after 18 h of stimulation, if not otherwise described, and luciferase activity was assessed as described previously (27) . In all experiments, luciferase activity was normalized to total protein concentration of the cell lysate as measured (protein assay kit; BioRad Laboratories, Richmond, CA).
Nuclear extracts. Nuclear extracts were prepared from untreated HepG2 cells, or cells stimulated by IL-1 ␤ , IL-6, or a combination of both cytokines for 30 min or 3 h by a modification of the method of Dignam et al. (29) . Nuclei were prepared by lysing the cells in buffer A (10 mM Hepes, pH 7.9, 1.5 mM MgCl 2 , 10 mM KCl, 0.5 mM DTT, and 0.1% Triton X-100). Nuclei were pelleted by centrifugation at 800 g for 10 min at 4 Њ C. Nuclei were then resuspended in buffer C (20 mM Hepes, pH 7.9, 25% glycerol, 0.42 M NaCl, 1.5 mM MgCl 2 , 0.2 mM EDTA, 0.5 mM PMSF, and 0.5 mM DTT), gently rocked at 4 Њ C for 30 min, and centrifuged for 30 min at 4 Њ C. The supernatant was dialyzed overnight into buffer D (20 mM Hepes, pH 7.9, 100 mM KCl, 12.5 mM MgCl 2 , 0.1 mM EDTA, 2 mM DTT, and 17% glycerol), followed by centrifugation at 4 Њ C to remove particulate material. Protease and phosphatase inhibitors were added to the buffers, including 1 g/ml leupeptin, 1 g/ml aprotinin, 1 g/ml pepstatin, 10 mM ␤ -glycerophosphate, and 1 mM sodium vanadate. Protein concentrations were measured using a protein assay kit (Bio-Rad Laboratories). Nuclear proteins were kept at Ϫ 80 Њ C until used for electrophoretic mobility shift assay (EMSA).
EMSA. For NF-B, 10 g of nuclear extracts was incubated in 20 l of EMSA-binding reaction consisting of 10 mM Hepes (pH 7.9), 80 mM KCl, 1 mM EDTA (pH 8.0), 1 mM EGTA (pH 8.0), 6% glycerol, and 4 g poly(dI:dC) at 15°C for 15 min before adding 25,000 cpm of 32 P-labeled oligonucleotide probe for an additional 15 min at 15 Њ C. For C/EBP, the binding reaction was performed with 4 g of nuclear extracts in 40 mM KCl, 1 mM EDTA (pH 8.0), 5 mM MgCl 2 , 2.5 mM DDT, and 3 g poly(dI:dC) for 10 min on ice before adding 50,000 cpm of 32 P-labeled oligonucleotide probe for an additional 15 min at room temperature. The reaction was analyzed on a 5% (6% for C/EBP) nondenaturing polyacrylamide gel in 0.5 ϫ (0.25 ϫ for C/EBP) Trisborate/EDTA buffer. After electrophoresis, the gel was fixed in 10% acetic acid, dried under vacuum, and autoradiography was performed immediately.
For DNA competition studies, the binding reaction was conducted in the presence of nonspecific competitor together with a 100-fold molar excess of unlabeled probe. For antibody supershift assays, the extracts were preincubated either with antibodies against the p65 (RelA) subunit of NF-B, C/EBP ␤ (NF-IL6), or C/EBP ␦ (NF-IL6 ␤ ). Rabbit IgG was used as control. Both antibodies and consensus sequence oligonucleotides were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Oligonucleotides used in EMSA were as follows: NF-B wild-type (WT): ATG CGA GGA GGG TAT TTC CGC TTC T; NF-B mutant: ATG CGA GGA Gct cga gTC CGC TTC T; consensus NF-B: ATG TGA GGG GAC TTT CCC AGG; C/EBP WT: ACA CTC CAT TGC GAC ACT TAG TGG G; C/EBP mutant: ACA CTC CAT Tta ctc gag gcG TGG G; consensus C/EBP: TGC AGA TTG CGC AAT CTG CA; consensus C/EBP mutant: TGC AGA gac tag tcT CTG CA; and C/EBP binding site from serum amyloid A (SAA) promoter: AGC TTC CAT AGG TTA CAC AAC TGG GAT A. Double-stranded WT oligonucleotides were labeled with [ 32 P]dNTPs by fill-in reaction of 5 Ј overhangs using the Klenow enzyme (Promega Corp.), and were isolated by two passages over Sephadex G-50 spin columns.
Statistical analysis. Student's t test (unpaired, two-tailed) was used for comparisons between specified different conditions.
Results
IL-1Ra production by human primary hepatocytes. Human primary hepatocytes obtained from surgical biopsies were cultured with different cytokines known to stimulate the production of APP, such as IL-1 ␤ , IL-6 and TNF ␣ . After 24 h, the presence of IL-1Ra in culture supernatants was examined by ELISA (Fig. 1) . The production of IL-1Ra was significantly stimulated by IL-1 ␤ or IL-6 alone, and particularly by the combination of both cytokines. Stimulation of hepatocytes with concentrations of cytokines (IL-1 ␤ , IL-6, or TNF ␣ ) between 0.1 and 10 ng/ml showed that IL-1 ␤ was always the most potent inducer (data not shown). The concentrations of IL-1 ␤ , IL-6, or TNF ␣ depicted in Fig. 1 gave maximal induction of IL1Ra at 24 h.
The human primary hepatocytes stimulated with both IL-1 ␤ and IL-6 secreted high levels of sIL-1Ra ( ‫ف‬ 8 ng/10 6 cells). These levels are greater than those of sIL-1Ra secreted by LPS-stimulated neutrophils ‫ف(‬ 0.5 ng/10 6 cells), and are comparable to secretion by IgG-stimulated monocytes ‫ف(‬ 10 ng/ 10 6 cells) or GM-CSF-stimulated alveolar macrophages from nonsmoking donors ‫ف(‬ 19.5 ng/10 6 cells) (26, 30, 31) . These data indicate that hepatocytes are capable of producing large amounts of IL-1Ra, and may represent the major source of IL1Ra in the circulation.
IL-1Ra production by HepG2 hepatoma cell line. The production of IL-1Ra by HepG2 cells was next examined; HepG2 is a hepatoma cell line widely used to study the production of APP. HepG2 cells were cultured for 24 h with the same set of cytokines used in the previous experiments with primary hepa- tocytes. Concentrations of cytokines between 100 pg/ml and 100 ng/ml showed that IL-1␤ alone was the most potent inducer of IL-1Ra production (data not shown). The concentration of IL-1Ra in culture supernatants was significantly enhanced by IL-1␤ alone, and the combination of IL-1␤ and IL-6 exhibited a strong synergistic effect (Fig. 2 A) . Lower concentrations of IL-1Ra were present in cell lysates, although IL-1␤ and the combination of IL-1␤ and IL-6 again stimulated production (Fig. 2 B) . The results of time course experiments indicated that the synergistic effect of IL-1␤ and IL-6 was already present after 4 h of stimulation, and that IL-1Ra levels continued to increase through 72 h (Fig. 3) .
Glucocorticoids previously have been shown to enhance the effects of IL-1 and IL-6 on production of APP by hepatocytes (32, 33) . As shown in Fig. 4 , DXM, at a concentration usually used to costimulate the production of APP (10 Ϫ7 M), significantly enhanced the effects of IL-1␤ and/or IL-6 on production of IL-1Ra by HepG2 cells, but exerted no effects on unstimulated cells.
IL-1Ra Western blot analysis. The term IL-1Ra refers to at least two proteins that are encoded by the same gene, but are generated by alternative splicing of two different first exons. One form is secreted (17-kD sIL-1Ra), and the other larger form, originally described in epithelial cells, lacks a signal peptide and remains in the cytoplasm (18-kD icIL-1Ra) (34) . We examined HepG2 cell supernatants and lysates for the presence of these two forms of IL-1Ra by Western blot analysis. As shown in Fig. 5 , the supernatant of HepG2 cells stimulated by both IL-1␤ and IL-6 demonstrated the presence of two IL1Ra bands. The lower band in the supernatants migrated at the same level as recombinant 17-kD unglycosylated sIL-1Ra, and the upper band migrated as a doublet at a distance of 22-25 kD, consistent with variable degrees of glycosylation of sIL1Ra protein (Fig. 5, lane 3) . After digestion with N-glycanase, this entire 22-25-kD region was no longer present, and all IL1Ra migrated at 17 kD (data not shown). HepG2 lysates contained only a lower molecular mass band migrating at 16 kD (Fig. 5, lane 5) .
RNA analysis by RT-PCR and ribonuclease protection assay.
To further examine which isoforms of IL-1Ra were expressed in HepG2 cells, RNA was extracted from cells cultured in the presence or absence of cytokines. RT-PCR was performed with specific primers that amplified either sIL-1Ra or icIL-1Ra mRNA. As shown in Fig. 6 , only sIL-1Ra mRNA was detectable in HepG2 cells. In contrast, U937 monocytic cells, used as controls, expressed both isoforms when stimulated with 100 ng/ml LPS and 100 ng/ml phorbol myristate acetate (PMA). To quantify the production of sIL-1Ra mRNA by HepG2 cells, ribonuclease protection assays were performed using riboprobes specific for IL-1Ra and GAPDH mRNA (Fig. 7 A) . The quantification of the sIL-1Ra-and GAPDH mRNA-protected fragments was performed by PhosphorImager, and levels of IL-1Ra mRNA were normalized to GAPDH (Fig. 7 B) . Identical to the protein data, IL-1Ra steady state mRNA levels were increased by IL-1␤ alone, and the combination of IL-1␤ and IL-6 exhibited an even stronger stimulatory effect.
Transfection studies. Both IL-1Ra isoforms are expressed in distinct cell type-specific patterns. Previous studies, using in vitro gene transfer systems, showed that sIL-1Ra and icIL-1Ra isoforms are regulated by different promoters, and that these promoters controlled reporter gene expression in a manner identical to the endogenous gene (27, 28) . To examine the response of these two promoters to cytokine stimulation, HepG2 cells were transfected with constructs containing either the 1,680-bp sIL-1Ra (psRA-1680Luc), or the 4,555-bp icIL-1Ra (picRA-4555Luc) promoter regions coupled to the luciferase reporter gene. The results shown in Fig. 8 A indicated that the transfected sIL-1Ra promoter was active in HepG2 cells, and was induced strongly by the combination of IL-1␤ and IL-6, identical to the endogenous gene. In contrast, the icIL-1Ra promoter was inactive in these cells, further indicating that this isoform is not produced by HepG2 cells. To further examine the stimulatory effect of IL-1␤ and IL-6, the activity of the psRA-1680Luc construct was assessed at different time points. As shown in Fig. 8 B, as early as 1 h after stimulation, the production of luciferase was enhanced by the combination of IL-1␤ and IL-6. These results further indicate the synergistic response to stimulation with both cytokines, and provide additional evidence confirming that the cloned sIL-1Ra promoter is regulated in a manner consistent with the endogenous gene.
Transcription factors from both NF-B and C/EBP families have been shown to play key roles in the regulation of APP gene expression. A functional NF-B site and a potential Figure 5 . IL-1Ra size forms in HepG2 cell supernatant (Sn) and lysate (Lys). HepG2 cells were cultured with both IL-1␤ and IL-6 for 24 h, and the supernatant and lysate were electrophoresed on polyacrylamide gel, then transferred to PVDF membrane. Western blot analysis was performed using a monoclonal antibody to human IL-1Ra that recognizes all the described isoforms. Lane . IL-1Ra mRNA isoforms. Total RNA was extracted from HepG2 cells cultured in the absence or presence of IL-1␤, IL-6, or TNF␣ alone, or with a combination of IL-1␤ and IL-6 for 16 h. RNA was also obtained from U937 monocytic cells cultured with 100 ng/ml LPS and 100 ng/ml PMA for 16 h. The RNA was reverse-transcribed, then the cDNA was amplified using specific primers for sIL-1Ra, icIL-1Ra, or GAPDH mRNA. RT-PCR products were analyzed by ethidium bromide/agarose gel electrophoresis.
C/EBP binding site have been described recently within the sIL-1Ra promoter (27) . To examine the roles of these two cisacting DNA regions in sIL-1Ra gene regulation, HepG2 cells were transfected with promoter constructs containing point mutations in the NF-B and/or the C/EBP binding sites, and then were stimulated with IL-1␤ and/or IL-6. As shown in Fig.  9 , the effects of both cytokines alone or in combination were ‫ف‬ 50% decreased using promoter constructs containing mutations in either the NF-B or C/EBP binding sites. Furthermore, the effects of IL-1␤ and/or IL-6 were further decreased to almost baseline levels using the sIL-1Ra promoter in which both binding sites were mutated.
EMSA on nuclear extracts. These results indicate that sIL1Ra promoter activity induced by IL-1␤ and IL-6 was decreased markedly in constructs containing point mutations in the NF-B binding site, or in the potential C/EBP binding site. Therefore, we determined whether these DNA sequences were able to bind nuclear proteins from HepG2 cells, and if so, whether that binding activity was due to NF-B and C/EBP proteins. To examine the NF-B binding activity, a gel retarda- tion assay was performed using nuclear extracts from HepG2 cells cultured in the presence or absence of IL-1␤ and/or IL-6 for 30 min. As shown in Fig. 10 , unstimulated cells and cells stimulated with IL-6 contained low levels of binding activity to the NF-B site (lanes 1 and 3) . In contrast, treatment with IL-1␤ markedly enhanced the DNA-binding activity (Fig. 10, lane  2) . Stimulation with both IL-6 and IL-1␤ produced a pattern similar to IL-1␤ alone (Fig. 10, lane 4) . To characterize further the protein binding to our oligonucleotide, competition studies were performed. The formation of the complex was completely competed away by unlabeled wild-type oligonucleotide, and an oligonucleotide containing the NF-B consensus region (Fig. 10, lanes 5 and 7) , but not by a mutated oligonucleotide (Fig. 10, lane 6) . To examine whether the binding activity induced by IL-1␤ was due to NF-B, immunological reactivity of the complexed protein was tested using an antibody raised against NF-B p65 (RelA). The results showed the presence of two higher molecular weight bands (supershift) when extracts were pretreated in the presence of antiRelA antibodies (Fig. 10, lane 8) . Taken together, these findings indicate that the IL-1␤-induced binding activity was due to the presence of NF-B, and confirmed the presence of an NF-B binding site within the sIL-1Ra promoter.
Similar experiments were performed to characterize the potential C/EBP binding site. The nuclear extracts were prepared from HepG2 cells treated with the same set of cytokines, but for a longer period (3 h). As shown in Fig. 11 A, incubation of the nuclear extract from HepG2 cells with a probe containing the potential C/EBP site formed multiple DNA-protein complexes. As previously described, this complex pattern is due to the binding of different C/EBP family members to the same DNA site (35) . Stimulation with IL-1␤ or IL-6 alone (Fig. 11 A, lanes 2 and 3) did not alter the DNA binding activity when compared with unstimulated cells (Figure 11 A, lane  1) . When IL-1␤ and IL-6 were used together, however, we observed the appearance of a new protein-DNA complex (Fig.  11 A, lane 4) . The results of competition studies indicated that formation of the complex was completely inhibited by a wildtype oligonucleotide (Fig. 11 A, lane 5) , an oligonucleotide containing the C/EBP consensus region (Fig. 11 A, lane 7) , and an oligonucleotide from the SAA promoter (Fig. 11 A, lane 9) . There was, however, no inhibition of complex formation by oligonucleotides mutated in the C/EBP binding site, or in the C/EBP consensus region (Fig. 11 A, lanes 6 and 8) . To determine the origin of the protein within the induced complex, nuclear extracts from cells cultured in the absence or presence of IL-1␤ and IL-6 were pretreated with antibodies raised against either C/EBP␤ (NF-IL6) or C/EBP␦ (NF-IL6␤). As shown in Fig. 11 B, when using antibodies against C/EBP␦, we observed the presence of higher molecular weight bands (supershift) only in nuclear extracts from cells stimulated with both IL-1␤ and IL-6. Furthermore, the induced band was removed by treatment with anti-C/EBP␦ antibodies, indicating that C/EBP␦ (NF-IL6␤) participated in the induced protein-DNA complex formation (Fig. 11 B, lane 7) . Although more faint, the same supershifted band was also present when cells were stimulated with either IL-1␤ or IL-6 alone (data not shown). In contrast, and consistent with previous reports showing that C/EBP␤ is constitutively expressed in HepG2 cells, supershifted bands were present when nuclear extracts from either unstimulated or stimulated cells were treated with antibodies against C/EBP␤ (NF-IL6) (Fig. 11 B, lanes 2 and 6) (35, 36) . Taken together, these results demonstrate for the first time the presence of a C/EBP binding site within the sIL-1Ra promoter, and the role of C/EBP family members in the regulation of IL-1Ra production.
Discussion
APPs are a set of circulating proteins, the levels of which vary during a variety of inflammatory or noninflammatory states, and play critical roles in host defense. The major finding of our studies is that IL-1Ra demonstrates many properties of an APP, providing a unique biologic role for this antiinflammatory protein. The characteristics of IL-1Ra that resemble an APP include elevated serum levels present after inflammation, infection or tissue injury, in vitro production by human primary hepatocytes and HepG2 cells, stimulation of production by IL-1␤ and IL-6 both in primary cells and after transfection of promoter constructs into HepG2 cells, DXM-induced enhancement of cytokine-induced IL-1Ra production by HepG2 cells, and regulation of transcription by NF-B and C/EBP family members. The effects of IL-1Ra on blocking receptor binding of IL-1 during the acute-phase response may serve to suppress the inflammatory consequences of early IL-1 release.
The IL-1Ra mRNA has been described in HepG2 cells, and IL-1Ra production by hepatocytes was observed during bacteria-induced hepatitis in mice (37, 38) . The regulation of IL-1Ra production by IL-1 and IL-6 in human primary hepatocytes and HepG2 cells described herein, however, clearly classifies IL-1Ra as an APP. Interestingly, IL-4 and LPS, potent inducers of IL-1Ra production in other cells (39) , exerted no effect on the production of IL-1Ra by hepatocytes when examined alone (Gabay, C., unpublished observation).
Elevated circulating levels of glucocorticoids during inflammation, secondary to the stimulation of ACTH by proinflammatory cytokines, are a typical feature of the acute-phase response. The effects of glucocorticoids on IL-1Ra production are variable according to cell type. In monocytes, DXM decreases the LPS-induced synthesis of sIL-1Ra (40), whereas hydrocortisone has been found to induce a small increase in production of icIL-1Ra by keratinocytes (41) . Consistent with previous data showing that DXM enhances the production of 1 and 5) or presence of antibodies against C/EBP␤ (NF-IL6) (lanes 2 and 6), C/EBP␦ (NF-IL6␤) (lanes 3 and 7) , or control IgG (lanes 4 and 8) before the addition of the 32 P-labeled C/EBP probe. Lanes 9-11 contain the C/EBP probe and the antibodies against C/EBP␤ or C/EBP␦, or control IgG, respectively, without nuclear extracts. The arrows indicate the supershifted complexes.
APP (32, 33) , our data demonstrate that DXM significantly increased the stimulatory effects of IL-1␤ and IL-6 on the production of IL-1Ra by hepatoma cells. Recently published studies indicate that the production of granulocyte colony-stimulating factor was induced by IL-1␤ in human hepatoma cells, suggesting that other cytokines may also be produced by the liver as APP during inflammatory states (42) .
Our data establish that only sIL-1Ra, and not icIL-1Ra, is transcribed in hepatic cells, consistent with the results of earlier studies (37) . We also observed, however, the presence of a lower molecular form of IL-1Ra in HepG2 cell lysates. A similar 16-kD intracellular isoform of IL-1Ra has been found recently by our laboratory in neutrophils and monocytes (Malyak, M., unpublished observations). Our data showing that only sIL-1Ra mRNA is expressed in HepG2 cells suggest that this novel isoform is derived from the sIL-1Ra mRNA. As previously observed in supernatants from monocytes cultured on adherent IgG (43), some unglycosylated sIL-1Ra was present in supernatants from HepG2 cell cultures.
Previous studies with rat and human hepatoma cell lines have shown that APP can be divided into two classes according to the regulatory effects of cytokines on their production. The synthesis of class 1 APP by hepatoma cell lines, including C-reactive protein and SAA protein, is induced by IL-1 and DXM, or by a combination of IL-1, IL-6, and DXM (32, 33, 44) . In contrast, type 2 APPs such as fibrinogen are responsive to IL-6 or IL-6-related cytokines (IL-11, oncostatin-M, leukemia inhibitory factor, ciliary neurotrophic factor) and DXM (45) (46) (47) (48) . Studies with primary human hepatocytes, however, indicated that IL-6 was the major inducer of all APP production (49) . In contrast to results of previous studies with hepatoma cell lines, IL-1 demonstrated no effects on induction of APP production by human primary hepatocytes (20) . Our results, using both human primary hepatocytes and hepatoma cells, showed that IL-1Ra production was enhanced by IL-1␤, and that the combination of IL-1␤ and IL-6 had an even stronger effect. To our knowledge, this is the first report describing a protein that behaves as a class 1 APP in both normal hepatocytes and hepatoma cells. The observation that IL-6 exerted more potent stimulatory effects on primary hepatocytes than on HepG2 cells could be explained partly by decreased IL-6 responsiveness of tumor cells due to lower levels of IL-6 receptor expression (21) .
Our results indicate that both NF-B and C/EBP family members are involved in transcription of the sIL-1Ra gene after stimulation with IL-L␤ and IL-6. The transcription factor NF-B, a member of the Rel family, binds to B enhancer motifs in response to different stimuli such as IL-1 and TNF␣ (50) . The C/EBP family of transcription factors encompasses different members such as C/EBP␣, C/EBP␤ (NF-IL6), and C/EBP␦ (NF-IL6␤), that are differentially stimulated during the acute-phase response (51) . C/EBP␤ and C/EBP␦ can bind enhancer elements on APP genes as homodimers or heterodimers, and can upregulate APP gene expression in response to IL-1 and IL-6 (36, 52) . Using a radiolabeled oligonucleotide containing the C/EBP probe from the sIL-1Ra promoter, we showed that C/EBP␤ (NF-IL6) is constitutively present in nuclear extracts from HepG2 cells, whereas C/EBP␦ (NF-IL6␤) is present only when cells are stimulated by IL-1␤ and IL-6. This finding is in accordance with a previous study indicating that, in Hep3B hepatoma cells, the activity of C/EBP␤ (NF-IL6) is enhanced by IL-6 through the modulation of a preexisting protein, whereas C/EBP␦ (NF-IL6␤) is transcriptionally induced by IL-6 (35) .
NF-B (especially the p65 subunit) and C/EBP␤ cooperatively transactivate the expression of genes that are upregulated during the acute-phase response, such as IL-6, IL-8, and SAA protein (53, 54) . In addition, accumulating evidence indicates that both C/EBP and NF-B binding sites are important in the regulation of genes with expression enhanced during inflammation, including IL-1␤ (55), TNF␣, and granulocyte colony-stimulating factor (56) . Recently, several investigators have described physical and functional interactions between C/EBP and NF-B family members (52, 57, 58) . These transcription factors directly associate via the b-Zip domain of C/EBP and the Rel homology domain of p65 or p50. In addition, the presence of NF-B p65 significantly enhanced the binding of C/EBP family proteins, such as C/EBP␤ and C/EBP␦, to their DNA-binding sites (57) . Interestingly, we found that IL-6 alone did not significantly alter the formation of C/EBP-DNA complexes. In contrast, when HepG2 cells were stimulated with both IL-6 and IL-1␤, the binding activity of nuclear extract was modified with the formation of a new protein-DNA complex including C/EBP␦. This finding suggests that NF-B p65, which is induced by IL-1␤, may also play an important role in the regulation of IL-1Ra gene expression by enhancing the binding of C/EBP␦ to the sIL-1Ra promoter. The interactions between NF-B and C/EBP transcription factors can therefore explain the synergistic effects of IL-1 and IL-6 on the production of APPs by hepatocytes, and are likely to participate in the stimulation of IL-1Ra and other APP genes during inflammatory conditions.
